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We report the growth of high quality Bi2−xSbxTe3−ySey ultrathin nanoplates (BSTS-
NPs) on an electrically insulating fluorophlogopite mica substrate using a catalyst-
free vapor solid method. Under an optimized pressure and suitable Ar gas flow
rate, we control the thickness, the size and the composition of BSTS-NPs. Raman
spectra showing systematic change indicate that the thicknesses and compositions of
BSTS-NPs are indeed accurately controlled. Electrical transport demonstrates that a
robust Dirac cone carrier transport in BSTS-NPs. Since BSTS-NPs provide superior
dominant surface transport of the tunable Dirac cone surface states with negligible
contribution of the conduction of the bulk states, BSTS-NPs provide an ideal platform
to explore intrinsic physical phenomena as well as technological applications of 3-
dimensional topological insulators in the future.
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Three - dimensional topological insulators (3D TIs) are a new class of quantum matter
in contemporary material physics1,2. The odd Z2 topological numbers protected by the
specific crystal symmetry under strong spin-orbital coupling promises an existence of a
gapless surface state, in which a Fermi circle encloses an odd number of Dirac points, leading
to a quantized pi Berry’s phase3. This nontrivial topological phase in an electron wave
function protects the surface metallic state from backward scattering and localization of
itinerant electrons as long as the disorder potential does not violate the original electronic
structure of the band inversion with preserving the time reversal symmetry4,5. While it was
theoretically predicted that Bi-based chalcogenides (Bi2Se3, Bi2Te3) are prototypical TIs
with perfect bulk insulating characteristics and a single Dirac cone on the surface6, other
carriers created by point defects and atomic displacement frequently tune their chemical
potentials near the conduction or the valence band3. Consequently, such bulk conduction
channels often veil the intrinsic surface electric conduction of 3D-TIs.
An ultrathin film growth of 3D-TI materials has the potential to give an extremely
idealistic condition for realizing dominant surface-transport relative to the bulk7–11. In
the case of ultrathin 3D-TI materials, the number of point defects can be significantly
reduced12,13. Recently, Bi2−xSbxTe3−ySey (BSTS) was demonstrated to be one of the most
promising TIs by angle-resolved photoemission spectroscopy (ARPES)14 as well as electrical
transport measurements15,17, and satisfied the simultaneous requirement of both a highly
insulating bulk and tunable Dirac cone carrier number on the surface. Accordingly, the
exquisite combination of an ultrathin film structure and an optimal chemical composition
around the Dirac neutral point on the surface states in BSTS is highly essential to realize
the ideal state of 3D-TIs from a material viewpoint.
Herein, we report on van der Waals epitaxial growth and the characterization of high qual-
ity BSTS ultrathin nanoplatelets (BSTS-NPs) on an electrically insulating fluorophlogopite
mica (KMg3(AlSi3O10)F2) substrate having a pseudo hexagonal Z2O5 layered structure (Z
= Si, Al). An atomically smooth surface of mica can be obtained by a cleavage along (001)
plane, providing an ideal substrate for van der Waals epitaxy of layered topological insulators
A2B3 (A = Bi, Sb; B = Se, Te)
8. Using a special two-step growth condition for thin films,
we can control not only the film thicknesses to a size as small as a few layers but also the
compositions. Raman spectra showing a systematic change of peak positions, peak inten-
sities and peak widths are the evidences that the thickness and composition of BSTS-NPs
2
are indeed accurately controlled. Electrical transport showing Shubnikov-de Haas (SdH)
oscillations as the result of a finite Berry’s phase demonstrates that a robust Dirac cone
carrier transport in the vicinity of a Dirac neutral point is realized in BSTS-NPs. Since
BSTS-NPs provide superior dominant surface transport of the tunable Dirac cone surface
states with negligible contribution of the conduction of the bulk states, BSTS-NPs without
any mechanical damage described in the present report will provide an ideal platform to
explore intrinsic physical phenomena as well as technological applications of 3D TIs in the
future.
BSTS-NPs were grown by a catalyst free vapor solid method, using a horizontal tube
furnace equipped with a quartz tube7,8. For growth of NPs, a Bi1.5Sb0.5Te1.7Se1.3 single
crystal showing an insulating property reported in the previous report15 was employed as
the source material. The source material was placed in the upstream position of a furnace
while a cleaved fluorophlogopite mica substrate was placed in the colder downstream position
11 cm away from the source material. With a suitable Ar gas flow rate (60 - 200 sccm), the
position of the source material was heated up to 500◦C and was kept at this temperature
during the growth. The position of the mica substrate was kept at 340 - 360 ◦C. In the
present study, both pressure and flow rate of Ar gas were varied over the range of 102 - 105
Pa and 60 - 200 sccm during the growing process to realize efficient nucleation and growth of
NPs on a fluorophlogopite mica substrate. The composition of the BSTS-NPs was evaluated
using energy dispersive x-ray spectroscopy (EDX) of JEOL JEM-2010 and JSM-7800F. The
thickness of the BSTS-NPs was determined using an atomic force microscope (AFM). Raman
spectra were measured using a micro Raman spectrometer (Labram HR-800, Horiba) with
628 nm laser excitation in the energy below 350 cm−1 and cut-off energy around 70 cm−1
by notch filters at room temperature. The spectra were obtained through a 100 objective
and recorded with 1800 lines/mm grating providing the spectral resolution of 1 cm−1. To
investigate carrier transport in the Dirac cone surface states of the BSTS-NPs, electrical
transport measurements were carried out using a semiconductor device analyzer (Agilent
B1500) and a nano volt preamp for magnetic fields (B) below 17.5 T in the temperature
range between 2- 300K. In order to fabricate the electrodes using electron beam lithography,
the BSTS-NPs were initially transferred from mica to a SiO2/Si (SiO2:300nm) substrate.
Accurate control in nucleation and growth of NPs was successively achieved by regulating
pressures and flow rates of Ar gas as shown in Figs 1 (a) - (e). The nucleation of NPs (step1:
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Fig. 1(f)) with sizes of around 8 µm locally occurred under atmospheric pressure (Fig. 1 (e))
with a high gas flow rate (∼ 200 sccm), and subsequently a thin film grew at 102 Pa (Fig. 1
(b)). The separation of nucleation from other subsequent growth processes was essential for
obtaining single crystalline NPs. During the growth process, the thickness was accurately
controlled. It is noted 20 -30 % variation of the thickness was observed along the scanned
line of the AFM measurements with thicker part being closer to the edge of NP. In the step1,
the size of NPs generally became large with an increase in thickness16. In order to control
the thickness of NP, 102 Pa of Ar gas pressure was chosen for the growth condition of NPs
(step2), since the two-step vapor phase crystal growth was found to be suitable for achieving
high quality NPs. In the step2, the nucleation continues on a substrate during an entire
growth period under a high flow rate (∼200 sccm), and the diffusion of the flux is larger than
the migration rate of adatoms at the growth site. As a result, NPs grew eventually to their
larger sizes starting from different seeds, with highly controlled thickness during the growth
process (Fig. 1 (h))16. Under a low gas flow rate (∼ 60 sccm), on the other hand, a dynamic
balance between diffusion and migration of the evaporated molecules was maintained during
the growth. Due to the high morphological anisotropy of BSTS crystals7, growth in the
lateral direction was preferred. Accordingly, the high anisotropy observed in the growth
process of BSTS was effective for controlling the size and thickness of ultrathin NPs (Fig.
1 (i))16. Neither impurities nor phase separation were detected by energy-dispersive X-ray
spectroscopy (EDX) in the present experiments. It is noted that the nominal composition
in the feed was changed to Bi1.5Sb0.5Te1.7Se1.3 under the Ar gas flow rate of 60 sccm and
BiSbTeSe2 under the rate of 200 sccm.
Figures 2 (b) and (c) show the dependence of Raman spectra on thickness of Bi1.5Sb0.5Te1.7Se1.3
and BiSbTeSe2. Raman spectra showed a systematic change from ultrathin NPs to bulk
single crystals. From AFM measurements, NP becomes thicker in the area closer to the
edge. In the present study, since the size of NP is substantially larger than the excitation
laser spot size (∼ 1 µm), spectra measured at the corresponding thickness positions were
averaged to estimate the dependence of Raman spectra on thickness.
The crystal structure of tetradymite A2B3 (A = Bi, Sb, B = Se, Te) compounds consists
of a layered stacking sequence of B(1) - A - B(2) - A - B(1). In A2B3 compounds such
as Bi2Se3, Bi2Te3 and Sb2Te3, four Raman modes are theoretically allowed under the D
3d
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point group symmetry18–22. More than four broad humps were confirmed in our experiments
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although three Raman active modes are expected for BSTS. Although the three inequivalent
crystallographic sites in a unit cell are randomly occupied by Bi, Sb, Te or Se, the B(2)
site may preferentially be occupied by Se due to its large electron negativity14. While
Raman is a local probe of vibrational structure and is sensitively influenced by defects and
atomic positions,23,24 we may still expect that the Raman active modes may be influenced
by the distribution of Bi, Sb or Te and Se at the A and B(1) sites. In the present study, a
Raman spectrum was simulated for the BiSbTe2Se composition by employing an extended
quintuple cell model where the random substitution is assumed under the minimum cell
size16. The calculated frequencies of the Raman active phonon modes were listed in table
S216. According to the calculations six Raman active modes exist in the range from 70 to
200 cm−1. Due to the limit of the lowest frequency (∼ 70 cm −1) in the present spectrometer,
the detected lowest peak was not used for analyses. Employing the five Raman active modes
(2 E and 3 A1) observed in the range from 100 to 200 cm−1, the Raman spectra of the two
stoichiometric compounds were reproduced using a Lorentzian line shape function as shown
in Figs. 2 (d) and (e). The dependences of the peak positions, peak intensities and full width
at half maximum (FWHM) of Raman peaks on NPs film thickness for Bi1.5Sb0.5Te1.7Se1.3
and BiSbTeSe2 are listed in the table S3 and S4
16.
While the number of obtained peaks was not changed, Bi1.5Sb0.5Te1.7Se1.3 and BiSbTeSe2
showed different peak positions. No clear change in the peak positions was observed for
the five Raman modes, being independent from ultrathin NPs to bulk single crystals. The
dependences of the peak intensities on thickness of NPs for Bi1.5Sb0.5Te1.7Se1.3 and BiSbTeSe2
are displayed in Figs. 2 (f) and (g). The peak intensity continuously increased as the
thickness decreased from bulk to ultrathin NP, being consistent with the multiple reflection
effect of the excitation lasers between ultrathin NPs and insulating substrates21,22,25. The
FWHM of Raman peaks tended to increase as the thickness decreases from bulk to ultrathin
NP. This behavior may be due to the decrease in phonon lifetimes of intralayer modes
caused by the enhanced electron-phonon coupling in ultrathin NPs22,26. The present results
demonstrate that the composition and the thickness of BSTS-NPs can be characterized
without any mechanical damages using peak positions and intensities, as well as FWHM of
their Raman spectra.
Figures 3 (c) and (d) show the temperature dependences of electrical resistance (Rxx)
for Bi1.5Sb0.5Te1.7Se1.3 (thickness: 100 nm) and BiSbTeSe2 (thickness 105 nm). A metallic
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behavior was confirmed below 50 K for Bi1.5Sb0.5Te1.7Se1.3 and below 100 K for BiSbTeSe2,
respectively, while both are semiconducting at high temperatures. Since the surface con-
duction channel becomes dominant in electrical transport at low temperatures due to the
reduction of the electron-phonon scattering rates, the metallic behaviors observed at low
temperatures indicate that the quantum states of the surface Dirac cones of BSTS-NPs are
responsible for the electrical transport. Figure 3 (e) shows the magnetic field (B) depen-
dences of Rxx. While the convex-like curvature dominant in Rxx at low Bs may originate
from the weak anti-localization phenomenon27, the Shubnikov de Haas (SdH) oscillations
gradually become marked at high Bs. The oscillatory modulations of Rxx (∆ Rxx) against
the inverse of B (1/B) were deduced by employing a polynomial fitting for Rxx by consid-
ering the corrections of its background magnetoresistance as shown in Figs. 3 (f) and (i).
By employing the fast Fourier-transformation, the oscillation frequencies were evaluated as
shown in Figs. 3 (g) and (j). The oscillations in Rxx(B) can be described by
∆Rxx ∼ cos[2pi(F/B − γ)], (1)
where F is the oscillation frequency and 2piγ is the phase factor28. The case of γ =
1/2 shows the usual parabolic energy dispersion, while γ = 0 is the Dirac cone-type linear
dispersion due to the effect of the pi Berry’s phase29. In order to estimate γ in each oscillation,
we plotted a Landau Level (LL) fan diagram by treating the valley (the peak) in ∆ Rxx
as an integer n (a half integer n = + 1/2 ) as shown in Figs. 3 (h) and (k). Applying a
linear fit : n = (F/B) + α, α = 0.25 for Bi1.5Sb0.5Te1.7Se1.3 and α = 0.5 for BiSbTeSe2 were
obtained. It was reported for BSTS that a small deviation in the energy dispersion from
that of an ideal Dirac cone can be observed and the B dependence of a Zeeman effect could
induce a deviation in α from its ideal value30. The present results of α = 0.25 - 0.5 were
consistent with the topological pi Berry’s phase surface in SdH oscillations. It is noted that
α = 0 detected for the other oscillatory part originates from a trivial quantum well due to
the effect of band bending17,31–34.
The Raman spectra of BSTS were investigated using an extended quintuple cell model,
where the random distributions between Bi and Sb as well as between Te and Se are repre-
sented as A and B(1) sites. Although the effect of their random substitutions is suggested
by Raman spectra, the topological electronic states of the TI materials are not strongly
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influenced by such randomly distributed potential scatterers. In fact, the SdH oscillations
characterized by the finite Berry’s phase mean that the robust Dirac cone metallic con-
duction is protected against both the backward scattering and the localization of electrons
induced by the random potentials caused by the atomic positions. The experimental facts
demonstrate that high quality ultrathin BSTS-NPs could become a platform to investigate
the intrinsic properties of 3D-TIs thanks to the large surface contributions of the Dirac cones
in electrical transport with controllable Fermi energies.14,15,35.
We described the growth of high quality ultrathin BSTS-NPs on an electrically insulating
fluorophlogopite mica substrate using a catalyst-free vapor solid method. Under an opti-
mized pressure and suitable Ar gas flow rate, we controlled the thickness, the size and the
composition of BSTS ultrathin films. Employing Raman spectroscopy, the phonon modes
of BSTS-NPs were evaluated using an extended quintuple cell model, where the random
distribution between Bi and Sb as well as between Te and Se are assumed to be the R3¯m
space group. The dependences of the peak positions and the intensities, as well as the
FWHM of Raman peaks on the thickness and the composition of NPs were investigated. As
a result, BSTS-NPs were characterized without incurring mechanical damage using Raman
spectra from the peak positions, the peak intensities and the FWHM of Raman peaks. The
SdH oscillations involving a finite Berry’s phase were confirmed. Since the random distri-
butions of substituent atoms did not change the topological macroscopic electric-transport
properties, Raman spectra and SdH oscillations with finite Berry’s phase are the essential
aspects of BSTS-NPs. Since the tunable Dirac cone inside of the semiconducting gap was
demonstrated in BSTS14,15,17, BSTS-NPs could be a platform to study the intrinsic physical
properties of 3D-TIs, such as the Klein tunneling36 and the topological p-n junction37.
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was partly supported by the Grant-in-Aid for Young Scientists (B) (23740251), the Joint
Studies Program (2013) of the Institute for Molecular Science and World Premier Interna-
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FIG. 1. (a) - (e): Nucleation and growth of Bi2−xSbxTe3−ySey (BSTS) ultrathin nanoplates
(NPs) under various Ar gas pressures (P ). The Ar gas flow rate (F ) was fixed in 200 sccm. (f):
P = 1.5×105 Pa, F = 200 sccm (Step1), (h): P = 1.5×105 Pa , F = 200 sccm (Step1) and P =
1.5×102 Pa, F = 200 sccm (Step2), (j): P = 1.5×105 Pa, F = 200 sccm, (Step1), P = 1.5×102
Pa, F = 60 sccm, (Step2). (g), (i) and (k): Atomic force microscopy images of (f), (h), (j). (l):
Growth diagram of BSTS-NPs.
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FIG. 2. (a) Crystal structure of Bi2−xSbxTe3−ySey (BSTS). Raman spectra of BSTS ultrathin
nanoplates (NPs) with various thicknesses of (b) Bi1.5Sb0.5Te1.7Se1.3 (c) BiSbTeSe2. Analytical
results of Raman spectra of BSTS-NPs with a thickness of 20 nm (d) Bi1.5Sb0.5Te1.7Se1.3 (e)
BiSbTeSe2. Dependence of intensities on thickness of BSTS-NPs for the E and A1 modes of (f)
Bi1.5Sb0.5Te1.7Se1.3 and (g) BiSbTeSe2.
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FIG. 3. Device pictures of (a) Bi1.5Sb0.5Te1.7Se1.3 and (b) BiSbTeSe2 with thicknesses of 100 nm
and 105 nm. Temperature dependence of electrical resistance (Rxx) for Bi2−xSbxTe3−ySey (BSTS)
ultrathin nanoplates (NPs): (a) Bi1.5Sb0.5Te1.7Se1.3 and (b) BiSbTeSe2. (c) Dependence of Rxx
on magnetic field (B). Dependence of oscillatory part of Rxx (∆Rxx) on 1/B for BSTS-NP: (d)
Bi1.5Sb0.5Te1.7Se1.3 and (e) BiSbTeSe2. Solid and broken arrows indicate the maximum and the
minimum of the oscillations. Results of fast Fourier transformation of 1/B dependence of ∆Rxx
for (f) Bi1.5Sb0.5Te1.7Se1.3 an (g) BiSbTeSe2. (h) and (i) Landau level Fan diagram plot employing
a valley (a peak) in ∆Rxx as an integer n (a half integer n+1/2 ). Solid lines are results of linear
fits.
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